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Abstract. In the present work we review the way in which the electron-matter 
interaction allows us to perform electron energy loss spectroscopy (EELS), as 
well as the latest developments in the technique and some of the most relevant 
results of EELS as a characterization tool in nanoscience and nanotechnology. 
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1. Introduction: EELS in a nutshell 
In the Transmission Electron Microscope (TEM), an incident electron suffers both elastic and 
inelastic scattering by the solid state thin sample that is being characterised. In the event of inelastic 
scattering, the incident electron gives a part of its energy to the electrons in the sample. The amount 
of lost energy can then be measured by a magnetic filter at the end of the column, and a plot 
displaying how many electrons have lost what amount of energy will give us an Electron Energy 
Loss (EEL) Spectrum. Thus, in an EEL Spectrum the ordinate axis corresponds to the number of 
electrons, or counts, and the abscise corresponds to the Energy Loss. 
Notice that most electrons shall not suffer any inelastic scattering whatsoever. As a 
consequence, the greatest contribution to the spectrum is due to these electrons having lost zero 
energy, giving rise to the so-called zero-loss peak (ZLP). As for those electrons having lost a 
certain amount of energy, they may lose it to give rise to a ionization of specimen electrons, 
transitions from occupied core states to unoccupied core states or to conduction band states, to 
interband transitions or excitations of collective vibrations of conduction band electrons. 
Incident electrons carry a given momentum, and it is worth keeping in mind that in an elastic 
scattering event not only energy, but also momentum, may be transferred. In fact, this is the reason 
why it is not straightforward to compare EELS results with those obtained by means of optical 
spectroscopies.  
EELS detectors can provide an energy resolution down to the order of the 0.1 eV. In addition, 
incident electrons can be tuned by TEM optics, making it possible to obtain spectroscopic 
information from an extremely constrained area, and to combine EEL Spectroscopy with TEM 
imaging. 
2.  Understanding inelastic scattering 
Whenever an incident beam interacts with a solid state specimen in the TEM, a number of signals 
are generated, as schematically displayed in figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Signals generated from the beam/specimen interaction in the TEM. 
A scattering event is inelastic if the incident fast electron suffers a detectable energy loss. 
Elastic scattering can be viewed as being billiard-ball-like, with very little energy loss implied. Yet, 
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Rutherford scattering may cause appreciable displacement damage to the sample, with an energy 
interchange in the order of the tens of eV. 
Single scattering refers to one single scattering event; plural scattering, to a string of several 
(countable) scattering events suffered by the incident electron; finally, multiple scattering refers to 
a string of scattering events which are too numerous to keep track of them, and, thus, to implement 
accurate calculations. 
The probability for a scattering event to take place is described by its cross section. The cross 
section is the apparent area each atom makes available in relation to the event. In order to 
understand this definition, it is important to keep in mind that, if the number of atoms per unit 
volume in the solid state sample is na, then, the probability that a scattering event X, described by a 
cross section σX, takes place in a differential thickness dy is: Probability (X) = naσXdy. 
Alternatively, we can define the mean free path (mfp) λ as the average distance travelled before the 
event takes place, thus λ = 1/naσX. 
The cross section may be a function of angle, and of the energy lost by the incident electron in 
the case of an inelastic event, and, in this sense, the differential cross section per unit solid angle 
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A simplistic description of elastic scattering is given by assuming Rutherford scattering from 
the whole atom. In this case,   
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a0 = 0.529x10-10 m is the Bohr radius and q is the scattering vector q = 2k0sin(θ/2), with q
r
 being 
the momentum transferred to the nucleus in h  units. Notice that the above formula implies a 
strongly forward peaked scattering.  
Rutherford scattering does not take into account the screening of the nucleus potential by 
localized electrons, overestimates scattering at low angles and, if integrated over all angles, yields 
an infinite cross section. 
In order to take the screening into account, a Yukawa potential with a screening radius r0 can be 
considered: 
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We will later discuss the physics of inelastic scattering in detail. Inelastic scattering can promote a 
number of excitations in the specimen. Phonons are the lowest form of life in the de-excitation 
chain, as everything else dies by exciting a phonon. Their energy is yet too low (less than 0.1 eV) 
to be detected in the EELS spectrum.  
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Collective oscillations of the free electrons, ejections of a single valence electron (single 
electron excitation) and ejections of a single atom core electron (core-loss) will be present in the 
EELS spectrum. 
2.1.  Lentz formalism of atomic inelastic scattering 
Let us consider the inelastic scattering of an electron by a single atom. This event is described by a 
differential cross section dσi/dΩ. 
Lentz modification of Morse’s theory of elastic scattering gives an expression for the inelastic 
differential cross section of the form:  
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where again the electrons in the atom are described by a screening radius r0 (in a Thomas-Fermi 
model, r0 can be assumed to be 
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are the final and initial momentum of the incident electron respectively (see figure 2). q2 can be 
written as  ( )EE202 2cos2122kq θ−θθ−−=
 
where θ is the scattering angle (i. e.: the angle between fk
r
 and 0k
r
, as shown in figure 2), and θE is 
the characteristic scattering angle  
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with E0 being the initial energy, and E, the energy loss. 
Using a Taylor expansion for E21 θ− and cosθ up to second order in θE and θ, we obtain ( )2E2202 kq θ+θ≈
 
Substituting in the differential inelastic cross section expression, we obtain: 
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The above equation contains the information relative to the angular distribution of the scattered 
electrons. Notice that the largest part of the scattering falls between θE and θ0, where the 
differential inelastic cross section is roughly proportional to θ-2.  
 
One can be interested in the total cross section integrated up to a certain angle β. In this case,  
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Figure 2: Geometric construction of the scattering vector. 
 
2.2.  The quantum mechanical approach: Bethe Theory 
Let us now consider a sample, consisting of one atom for simplicity (we will later see how accurate 
this simplification is), as being described before and after the inelastic scattering event by its 
wavefunctions, 0ψ and nψ . 0ψ will then be the ground state of the atom and nψ a certain excited 
state.  
If we can regard the interaction with the atom as a perturbation for the fast electron, which we 
can reasonably do in any practical EELS experiment, we can use the first order Born approximation 
to obtain a differential cross section of the form 
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Again, q
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is the scattering vector, and, thus, )kk(q f0
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h −= is the moment transferred to the atom. 
r
r
 is the coordinate of the fast electron,V( r
r
) is the interaction potential and, finally, dτ is a 
differential volume element within the atom.  
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where jr
r
 is the position of the j-th electron in the atom. Notice that the interaction potential is not a 
proper potential. In fact, it is related to the electrostatic potential φ as V = eφ = - U, where U is the 
potential energy of the fast electron. 
Also notice that the atomic nucleus contribution to V amounts to zero when integrated, because 
of its symmetry. In physical terms, we could say that the nucleus mass is by no means comparable 
to the mass of the incident electron, and thus no inelastic scattering is allowed. Inelastic scattering 
is an electron-electron event. Integrating, we obtain 
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where the term (a) is the Rutherford cross section for a single electron, and εn is the dynamical 
structure factor 
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It is then convenient to define the generalized oscillator strength (GOS) as 
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where En is the energy lost in the transition (finally appearing in an explicit form) and R is the 
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It is worth noticing that in the q→0 limit, fn(q) = fn, with fn being the dipole oscillation strength 
–optical absorption is governed by the dipole oscillation strength.  
As we are interested in the E dependence of the differential cross section, we can now define 
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This formalism applies to single atoms or gas specimens, but TEM experiments are supposed to 
deal with solid state samples. Is this the wrong approach? Not really. The formalism still applies to 
the inner atomic shells of atoms in a solid, and, even if solid state effects modify df/dE, it  can be 
treated as a perturbation. A scheme of an inelastic scattering event in a crystal is given in figure 3. 
As for outer shell electrons, their wavefunctions are modified by chemical bonding, and 
collective effects cannot be ruled out. 
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Figure 3: Schematic diagram of an 
inelastic scattering event in a 
crystal. 
 
 
3.  EELS as a tool for materials science 
Some twenty years ago, scientists interested in EELS had to overcome the impression that "EELS 
[was] a playground for physicists and of little help for solving materials science problems"7. 
Nowadays, given the eventual reduction in scale of the problems at hand and the progressive 
instrumental advances that have taken place in microscopy in general and in EELS in particular, it 
seems clear that EELS has become a most crucial tool in materials science and even the life 
sciences8,9.  
As EELS is performed in the Transmission Electron Microscope (TEM), it benefits from the 
very high spatial resolution that can be achieved with electron optics, which can focus the electron 
beam to form a subnanometric probe.  In particular, if a field-emission gun (FEG) is used, 
sufficient current can be obtained for a 1 nm probe. Within aberration corrected instruments, this 
figure can be reduced to 0.1 nm. In addition, EELS can be easily combined with structural 
information as obtained from the TEM imaging and diffraction modes, and even with 
complementary X-ray energy-dispersive spectroscopy (EDXS) if needed. 
There is a fundamental limit to the minimum lateral resolution that can be achieved by EELS, 
irrespective of the electron optics. As commented in chapter 1.1, this limit is given by the 
delocalisation produced in inelastic scattering, and depends on the energy loss (the lower the loss, 
the greater the delocalisation)10. Yet, fortunately, this limit does not prevent from getting EELS 
signal from single atom columns at core-loss11 or subnanometric resolution in low-loss 
experiments12.  
4.  Recent developments 
With the recent advances in instrumentation (spherical aberration correctors, electron 
monochromators, new energy filters and CCD detectors) EELS experiments can now be performed 
with a spatial resolution well below 0.1 nm and an energy resolution better than 0.2 eV.  
One of the instrumental highlights in the history of TEM is the recent introduction of systems to 
compensate for spherical and even chromatic aberrations13,14,15. One way of achieving spherical 
aberration (Cs) correction is based upon the use of two hexapoles where the second order 
aberrations from the first hexapole are compensated by the second hexapole element. As the two 
hexapoles additionally induce a third-order spherical aberration which is rotationally symmetric 
and proportional to the square of the hexapole strength, and is of the opposite sign to that of the 
objective lens, the spherical aberration of the entire system can be compensated by appropriately 
controlling the strength of the hexapoles13. Alternatively, spherical aberration correction can be 
achieved through quadrupole-octupole (QO) corrector14,15. The QO corrector uses a quadrupole to 
put a line focus along the negative spherical aberration axis of an octupole, a further two 
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quadrupoles to produce a line focus in the perpendicular direction in a second octupole, and a 
fourth quadrupole to reform a round beam. The two octupoles add a negative spherical aberration 
in x and y, but also cause some four-fold distortion of the beam. A third octupole, acting on a round 
beam, is used to correct that distortion. A potential advantage of a QO corrector over a hexapole 
corrector is the possibility of also correcting the first-order chromatic aberration15. Spherical 
aberration, parasitic second-order axial aberrations, coma and threefold astigmatism, and the non-
spherical axial third-order aberrations, star aberration and fourfold astigmatism need to be 
compensated at the same time by adequately changing the intensity of all the involved lenses. This 
is achieved by software assisted recursive measuring and compensation of the aberrations. All 
kinds of instabilities must be suppressed for the corrector to perform adequately13,14,15. Using 
aberration corrected microscopy, an electron probe smaller than 1 Å can be achieved, which allows 
imaging of single atoms, clusters of a few atoms, and atomic columns. 
A multipole corrector built into the illumination system of a STEM increases the image 
resolution and allows more current to be focused in a given probe. This is of great importance for 
spectroscopy, as both lateral resolution and signal-to-noise ratio are enhanced.  
If EELS presents a lower energy resolution when compared to other spectroscopies as X-ray 
absorption spectroscopy (XAS), the limitation does not lye in the capabilities of the spectrometers, 
but in the energy width of the electron source. This energy dispersion is typically 1–2 eV for a 
thermionic source and 0.5–1 eV for a Schottky or field-emission tip. For a cold FEG, this figure 
can go down to 0.3 eV. For comparison, synchrotron X-ray sources and beam-line spectrometers 
commonly provide a resolution below 0.1 eV for absorption spectroscopy, and even below 1 meV 
in certain cases16. 
In order to reduce the source energy spread, monochromators have been recently introduced. 
There are two main approaches: the electromagnetic Wien filter and the electrostatic Omega filter. 
Both types improve the energy width to about 0.2 eV. Yet, they both produce an energy spectrum 
of the electron source at a dispersion plane, where a narrow energy-selecting slit selects a small 
fraction of the electron distribution. As a result, many electrons are absorbed by the slit -the beam 
current at the specimen is reduced by a factor at least equal to the fractional improvement in energy 
resolution12. Nowadays, the monocromators yield a beam current in the order of several 100 pA16.  
The single Wien filter limits the probe size to about 2 nm, whereas there is no such limitation in 
the case of the Omega filter17. In some Wien filter designs18, the dispersion is compensated and the 
beam reduced to its original size by using second monochromator section which produces an 
achromatic image of the electron source (double Wien filter).  
5.  Solving problems with EELS 
5.1.  Low-loss applications 
Bulk plasmon peak position can be used as an indirect compositional measure, and has been 
extensively used as a local chemical characterization tool, especially in the case of semiconductors. 
It can be primarily used as an identification tag for determining which compound is there at a given 
region of the studied specimen19, 20. As the plasmon peak position depends on the lattice parameter 
(as well as the bandgap energy and the dielectric constant) it can also give an indirect measure of 
structural properties21, 22. 
The need for characterization techniques that provide precise information regarding the bandgap 
and general optical properties at high spatial resolution seems to be out of question, given the 
scaling down that has taken place in the field of materials science and the rapidly widening use of 
nanostructures. In this sense, standard optical techniques such as vacuum ultra-violet spectroscopy 
do not provide the spatial resolution required to probe a material on the nanometer scale. Low-loss 
EELS seems to be a most fitting technique for the local characterization of optoelectronic 
properties at the nanoscale.  
For insulators or semiconductors with a sufficiently wide bandgap (that can be less than 1 eV 
using a monochromated Scanning Transmission Electron Microscope (STEM)23), interband 
transitions can be observed in the EELS spectrum. It is possible to identify through EELS the 
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bandgap energy of given nanostructures24,25,26. It is also possible to assess the existence of localized 
states within the bandpgap, which may be due to the presence of dislocations or other kinds of 
defects, for instance27, 28, which create new energy levels in the local density of states (DOS). 
A most promising EELS capability is in characterizing the local optical properties of 
semiconductors through Kramers-Kronig analysis of low-loss data. In 1999, experiments carried in 
a cold FEG VG 501 STEM demonstrated the possibility to access the local dielectric function of 
several semiconducting nitrides at the nanoscale through EELS29. The reliability of the result 
directly depends on the quality of the EELS data, mostly concerning the accuracy of the EELS 
intensity measurement at very low energy. Surface modes of excitation of small particles and 
nanotubes (in the range of 12-18 eV) have also been studied through EELS in a cold FEG VG 501 
STEM. They have been shown to highly depend on the anisotropy of the nanostructure30. Yet, 
surface plasmons of nanostructures often occur at energy losses below 10 eV and are often poorly 
resolved, even for very thin specimens. A low energy spread (and hence the use of a 
monochromator) can greatly benefit the characterization of such surface modes, which mostly 
describe their optical properties. In this sense, a very recent work by Schaffer et al.31, demonstrated 
high resolution Energy Filtered Transmission Electron Microscopy (EFTEM) mapping of gold 
nanoparticles surface plasmons using a monochromator. On the other hand, Nelayah et al32. showed 
that optical properties can be analyzed in the near-infrared/visible/ultraviolet domain (energy loss 
under 3 eV) without a monochromator. A statistical technique and customized acquisition process 
were used to enable the observation of very low energy surface plasmon peaks. This method was 
applied to an equilateral Ag nanoprism with 78-nm-long sides and allowed the observation of three 
plasmon resonance modes centered at 1.75, 2.70 and 3.20 eV, corresponding respectively to 
wavelengths of 709, 459 and 387 nm. 
 
 
Figure 4: Low-loss EELS 
spectrum of a GaAs nanowire, 
including the ZLP. Inset: 
detail of the low-loss 
spectrum 
 
 
5.2.  Core-Loss EELS elemental identification and quantification. Single atom detection Maybe the 
most common question that is addressed using EELS as a characterization tool is which elements, 
and in what proportion, are found, locally, in a given specimen. Problems such as interdiffusions at 
interfaces, or elemental distributions in nanostructures, sometimes specifically require EELS 
because the involved scales exceed the spatial resolution otherwise available. 
Elemental identification is straightforward, but quantification is problematic. EELS 
quantification of a spectrum involves background removal and intensity conversion to chemical 
concentration through the appropriate, energy dependent, experimental geometry dependent, 
single-atom cross-section. Quite a lot of discussion has been centered on the optimal way of 
extracting the background33,34,35, and a great deal of effort has been devoted to the calculations of 
EELS cross-sections36,37,38. Nowadays, both background fitting and extraction and cross-section 
calculations are generally carried out using the EELS quantification tools in the Gatan Digital 
Micrograph software. Although this is a robust and reliable tool, it is also extremely user-
dependent, and may give rise to biased or plain nonsensical results depending on their level of 
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expertise (no matter how badly the quantification is made, the software will always produce a 
number). In order to avoid the problems associated with this usual quantification procedure, 
Verbeeck and coworkers38,39,40 proposed the use of a C based software package (EELSmodel) to 
carry out a model based quantification of EELS spectra. The EELSmodel program works starting 
from a series of parameters which are introduced by user, and through a choice of different possible 
statistical tools, tunes these parameters to finally reach the model which better matches the 
experimental spectrum. A python model-based quantification program (EELSlab) is currently 
being implemented by de la Peña and coworkers in STEM Group in Orsay. 
Figure 5: (a) High Angular Annular Dark Field  image of a Si nanowire. (b) EEL spectra 
obtained in the nanowire along the line indicated in (a), which demonstrate the presence of 
gallium segregation along the nanowire. 
Recent applications of EELS elemental quantification include the characterization of 
semiconducting nanostructures41,42, thin films with applications in spintronics43,44, or shape memory 
alloys45.  
As it has been previously stated, the incorporation of monochromators and aberration correctors 
for TEM has much helped improve the spatial and energetic resolution of EELS. Yet, best energy 
and best spatial resolution are not found in the same experimental configurations46. Best energy 
resolution (about 0.1 eV), achieved with monochromators, and most useful for low-loss EELS, 
comes with a spatial resolution in the order of the 1 nm. In an aberration corrected STEM, where 
energy resolution is about 0.4eV can achieve a spatial resolution in the order of the Armstrong. 
Such configuration is best for the core-loss chemical analysis of atomic columns and the 
localisation of individual atoms in nanostructures. 
In this sense, Kimoto and coworkers47 demonstrated atomic-column imaging of a crystal using 
core-loss EELS. In particular, the atomic columns of La, Mn and O in manganite La1.2Sr1.8Mn2O7 
were visualized as two-dimensional images, using the La N4,5, O K, Mn L3,2 and La M5,4 edges 
signal.  
Muller and coworkers succeeded in quantifying the vacancy concentrations in SrTiO3 (STO) at 
atomic scale through core-loss EELS48. Varela and coworkers detected a single La dopant atom in 
CaTiO3, through High Angular Annular Dark Field (HAADF) intensity and La M5,4 edge signal49. 
Recently, single Au atoms were observed in Si nanowires grown using Au as a catalyst50. 
5.3.  Core-Loss EELS atomic coordination and oxidation state determination 
In compounds where there is a coordinate bonding, information of the kind of bonding which is 
present is of the utmost importance to gain insight into the compound structure. The energy loss 
near edge structure (ELNES) of an EELS edge is given by the local DOS of the atom suffering the 
inelastic scattering, and, thus, contains information on its bonding. Coordination determination 
from ELNES fingerprinting is a standard technique from as soon as the mid 1980s51. As energy 
resolution is improved, so is the level of detail in ELNES of EELS edges. In this sense, many 
efforts have been recently devoted to theoretical calculations of ELNES, which allow the use of 
theoretical references to compare to actual EELS spectra, and further comprehension of the 
individual features in the ELNES52,53. 
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The shift of the threshold energy of a given edge is a measure of charge transfer but also of 
coordination number4. Chemical shift can thus be used as a fingerprint to determine to which 
compound belongs the atom giving rise to the observed transition. A thoroughly studied classic 
case is that of the chemical shift of Si L2,3 edge, that has been correlated to the electronegativity of 
nearest neighbour atoms for Si alloys54, or to the mean Si-O bond lengths in Si oxides55, for 
instance. 
White lines (L2,3 edges of transition metals and M4,5 edges of rare earths) appear in the shape of 
two sharp peaks, with an energy separation given by the spin-orbit splitting of the initial states. The 
relative intensity of those peaks, yet, does not correspond to the number of electrons in the initial 
state, as it would be intuitive. This is so because of a spin selection rule. The final white-line 
intensity ratio depends on Z number and on the oxidation state1. 
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